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ABSTRACT
We present a nanoscale color detector based on a single-walled carbon nanotube functionalized with azobenzene chromophores, where the
chromophores serve as photoabsorbers and the nanotube as the electronic read-out. By synthesizing chromophores with specific absorption
windows in the visible spectrum and anchoring them to the nanotube surface, we demonstrate the controlled detection of visible light of low
intensity in narrow ranges of wavelengths. Our measurements suggest that upon photoabsorption, the chromophores isomerize from the
ground state trans configuration to the excited state cis configuration, accompanied by a large change in dipole moment, changing the
electrostatic environment of the nanotube. All-electron ab initio calculations are used to study the chromophore-nanotube hybrids and show
that the chromophores bind strongly to the nanotubes without disturbing the electronic structure of either species. Calculated values of the
dipole moments support the notion of dipole changes as the optical detection mechanism.
Phototransduction plays a central role in key natural pro-
cesses such as vision and photosynthesis. For these processes,
natural evolution has found exquisite solutions that optimize
efficiency, compactness, and self-healing. While researchers
have long tried to supplant nature’s successes using solid-
state approaches, our ability to convert optical radiation to
electrical signals with nanoscale precision still remains in
its infancy.1-4 An alternative to solid-state approaches is one
that more closely mimics natural processes by integrating
chemical or biological materials with solid-state materials.
An example of this approach is that of optical detection using
functionalized single-walled carbon nanotubes (SWNTs).
SWNTs’ high sensitivity to local electrostatic environ-
ments5-8 can be used to detect optically induced changes in
the light-absorbing molecules. Indeed, it has been shown that
when networks of SWNTs are functionalized with porphy-
rin,9 charge transfer between the porphyrin and the nanotube
upon illumination can be detected using a field-effect
transistor (FET) geometry. Similarly, the transition of spiro-
pyran to its charge-separated state upon UV photon absorp-
tion has been detected electrically using individual SWNTs.10
Recently, a different class of nanotube functionalization
that is sensitive to optical radiation has been proposed.11 In
this approach, one kind of azobenzene-based chromophore,
Disperse Red 1 (DR1), was attached to SWNTs, and it was
demonstrated that the conduction of such functionalized
SWNTs can be modulated with UV light. This phenomenon
is attributed to the photon-induced isomerization of the
azobenzenes that changes the electrical dipole moment of
the chromophore and thus modifies the electrostatic potential
on the SWNTs. One question is whether these results can
be extended to the visible spectrum, and in particular if
different regions of the visible spectrum can be specifically
targeted. In this study we address this question by assembling
chromophore-nanotube FET hybrids where three azobenzene-
based chromophores are designed to respond specifically to
different regions of the visible spectrum. We report that these
devices are highly sensitive to light, and that their response
correlates with the absorption spectra of the attached chro-
mophores. In addition, the magnitude of observed signals
and their time dynamics are examined at various light
intensities and wavelengths. Moreover, we present all-
electron ab initio calculations of the interaction between the
chromophores and SWNTs, including that of the dipole
moments in the trans and cis configurations. These calcula-
tions allow us to support the notion that the optical-to-
electrical signal transduction is controlled by a dipole change
mechanism at the molecular level. This work demonstrates
a way to make color photodetectors with nanoscale resolution
and provides insight into the interactions between SWNTs
and molecules in their close vicinity.
Carbon nanotube FETs used in this study were prepared
with SWNTs purchased from CheapTubes. These tubes were
grown using chemical-vapor deposition and have diameters
in the range of 0.8-2 nm. SWNTs received in powdered
form were ultrasonically dispersed in water with 2 wt %
sodium dodecylbenzenesulfonate (SDBS) and purified via
ultracentrifugation (36 000 rpm, 2 h) to yield well-dispersed* To whom correspondence should be addressed. E-mail: xinzhou@sandia.gov.
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SWNTs.12 Silicon wafers with a 100 nm thermal oxide
capping layer were treated with (3-aminopropyl)triethoxysi-
lane (APTES)13 and incubated with the SWNT solution (The
APTES layer provides positive surface charges to the silicon
wafers to enhance the attachment of SWNTs, which are
wrapped with negatively charged surfactants). On top of these
SWNTs, source-drain electrodes with a typical 2 µm gap
were defined with photolithography, and either gold or
palladium was evaporated to make electrical contacts. The
density of nanotubes was controlled such that many source-
drain gaps are each bridged by a single SWNT. Only
semiconducting devices that can be completely shut off by
the electrical potential on the highly doped silicon backgate
were selected for chromophore functionalization and testing.
Chromophores were prepared via dicyclohexyl carbodi-
imide (DCC) esterification/amidation similar to the chemistry
reported by Simmons et al.11 for the preparation of an-
thracene-functionalized DR1. In this study, 1-pyrenebutyric
acid was used instead of 9-anthracenecarboxylic acid, and
in addition to DR1 disperse orange 3 (DO3) and 4-(4-
nitrophenyl)azophenol (NPAP) were functionalized with
pyrenebutyric acid. A nonisomerizable control molecule was
prepared by esterification of 1-pyrenebutyric acid with
hexanol. The products are abbreviated as DR1-PB, DO3-
PB, NPAP-PB, and hexyl-PB. Structures are shown in Figure
1b. Products were characterized by 1H NMR spectroscopy,
FTIR, mass spectrometry, and UV/vis spectrophotometry (see
the Supporting Information for details).
In the final step of device fabrication, SWNT FETs were
incubated with the chromophore solution for 1 min and
subsequently washed lightly with methanol. The chro-
mophores selectively deposited onto SWNTs via strong
noncovalent interactions between nanotube sidewalls and the
pyrene linker group14 of the chromophores.
Electrical-optical studies were performed on a modified
Zeiss optical microscope. Light from a xenon arc lamp was
fed into an Acton Spectropro-275 monochromator with a 600
g/mm grating, and the resulting monochromatic light with a
3 nm bandwidth was focused through a long working
distance 50× objective to a spot of about 35 µm in diameter,
small enough to illuminate only one SWNT FET device. The
typical power density of illumination was 100 W/m2, and
the wavelengths ranged from 400 to 700 nm. The current of
SWNT FETs was measured with an Ithaco 1211 (DL
Instruments) preamplifier under a 10 mV DC bias applied
between the source and drain electrode.
Figure 1a shows the transfer characteristics of a DR1-PB
functionalized device in the dark and when illuminated at
different wavelengths. While the device was insensitive to
400 nm violet and 630 nm red light, 470 and 530 nm
radiation shifted the threshold voltage to the positive side
by about 1 V. The transfer characteristics recovered fully
once the illumination was turned off. Control experiments
were carried out to narrow down the possible origins of the
signal. First, bare SWNT FETs were tested and confirmed
to be insensitive to visible light at this power level. Second,
hexyl-PB molecules with their dipole-free alkyl chain were
attached to the SWNT and these devices did not respond to
visible light at a similar power density as the DR1-PB
functionalized devices. Last, the signal disappeared when the
35 µm large light spot was moved slightly away from the
devices, eliminating the influence from the silicon backgate
as the origin of the signal.
To further our understanding of the system, we measured
the threshold voltage shift as a function of wavelength
between 400 to 650 nm. Data at different wavelengths were
taken with a random sequence to minimize systematic
drifting, and the conductance in the dark was checked after
each exposure to ensure that the device recovered completely.
The results of our measurements are plotted in Figure 2. The
magnitude of the threshold voltage shift at different wave-
lengths is similar to the absorption of DR1 molecules
measured in 1,2-dichloroethane (DCE) at 1 mM concentra-
tion. The peak in the threshold voltage shift is broader than
the absorption peak and is shifted toward the red, an effect
that could be attributed to changes in absorption generated
by the local electrostatic environment. Indeed, this phenom-
Figure 1. (a) Transfer characteristic of a DR1-PB functionalized
SWNT-FET in the dark (black curve). The threshold voltage is
shifted when the device is illuminated with either blue (blue curve)
or green light (green curve), but remains constant when the device
is illuminated with red light (red curve). Inset: AFM image of a
device with a SWNT bridging a 2 µm gap. (b) Structures of
pyrenebutyric acid functionalized chromophores. The numbers in
parentheses are the absorbance maxima of the azobenzene moieties
of the dyes.
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enon has been seen in previous studies of the absorption
properties of DR1 in different solvents.15 Therefore, we are
confident in linking the threshold voltage shift in the
conduction of SWNT FETs to the photon absorption of DR1-
PB molecules. This linkage is further strengthened, as shown
in Figure 2, when the threshold voltage shift of more devices
functionalized with either DO3-PB or NPAP-PB molecules
are shown to shift according to the absorption spectra of these
two molecules. Thus, by choosing specific chromophores,
we obtain optical detection in specifically targeted regions
of the visible spectrum.
In order to gain more insight into the properties of the
chromophore-nanotube hybrids, we performed all-electron
ab initio calculations of the structural and electronic proper-
ties of SWNTs functionalized with DR1-PB, DO3-PB and
NPAP-PB. It is well understood that when these chro-
mophores absorb photons, the azobenzenes isomerize from
the ground state trans configuration to the metastable excited
state cis configuration with a large change in dipole mo-
ment.16 Thus we performed calculations for both the cis and
trans configurations for the three molecules attached to
SWNTs. First, geometry optimizations for all cis and trans
chromophores were obtained from density functional theory
(DFT) calculations using the Slater-Vosko-Wilk-Nusair
local density functional17 in conjunction with a 6-31G(d,p)
Gaussian basis set. A (10,0) semiconducting SWNT was
chosen due to its large enough size to approach those
measured experimentally, but small enough to reduce
computational costs. Calculations were performed using a
one-dimensional supercell along the axis of the nanotube.
Since the chromophore molecules are over 5 times longer
than the (10,0) unit cell, a large supercell of 12.8 Å along
the nanotube axis was chosen, which allows a separation
distance of 3.6 Å between adjacent chromophores. Figure 3
shows the relaxed atomic structure for all six possible
combinations of the three molecules in their trans and cis
configurations. On the basis of these atomic structures, we
found binding energies that vary between -0.19 and -0.24
eV. Charge transfer between the molecules and the SWNT
was found to be 0.04-0.05 electrons from the molecule to
the SWNT, and more importantly the amount of charge
transfer varies little between the trans and cis conformations
of the same molecule. These results for the binding energy
and charge transfer are typical of DFT calculations within
the local density approximation (LDA), which are known
to overestimate the binding energy in systems governed by
van der Waals forces, such as those between the pyrene linker
and the SWNT. Our results should thus be considered as
upper bounds for the binding energy and charge transfer.
We found that the electronic band structure of the SWNT is
unaffected by the presence of the chromophores, and that
the molecular energy levels of the chromophores are un-
changed and dispersion-less.
From these results, we calculated the electric dipole
moments of the chromophores as expectation values of the
dipole operator using the Kohn-Sham density matrix. Since
the charge transfer between the molecules and the SWNT is
essentially the same for the trans and cis configurations, we
calculated the dipole moments for the isolated molecules
using the relaxed atomic positions from the molecule+SWNT
Figure 2. The threshold voltage shift of devices functionalized with
different chromophores (DR1, red squares; DO3, green dots; and
NPAP, blue triangles) correlates with the absorption spectra (dotted
curves) of these molecules.
Figure 3. Optimized geometries, dipole moments, and binding
energies for DR1-PB, DO3-PB, and NPAP-PB noncovalently
attached to a (10,0) nanotube. Each of the pyrene units is in contact
with the nanotube surface at a distance of about 2.8 Å.
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system while enforcing charge-neutrality on the molecule.
This approach allowed us to obtain values of the dipole
moments that are independent of the origin of the coordinate
system. The values of dipole moments were calculated to
be 13.18 D (trans) and 11.60 D (cis) for DR1-PB, 10.81 D
(trans) and 9.90 D (cis) for DO3-PB, and 8.27 D (trans) and
7.25 D (cis) for NPAP-PB. To understand how these
molecular dipole shifts can lead to large changes in the
threshold voltage shift of a SWNT FET, we calculated the
electrostatic potential on a SWNT functionalized with a
uniform density of 1 molecule/nm with the dipole moments
oriented perpendicular to the SWNT axis and forming a line.
Treating the molecular dipoles as point dipoles, the electro-
static potential on a line on the nanotube surface closest to
the line of dipoles is given by V ) [(µd)/(4πε0)]∑i)-∞∞ [(h/
)2 + i2]-3/2 where the index i refers to the ith dipole along
the SWNT, h is the smallest distance between a dipole and
the SWNT, and  is the distance separating the dipoles along
the SWNT. This expression allows calculation of the
electrostatic potential difference between the trans and cis
configurations as ∆V ) Vtrans-Vcis. To obtain ∆V for the three
chromophores used in this study, we calculated h from the
“center of charge mass” for each of the six possible cases
using the relaxed atomic positions of the molecule on the
SWNT obtained from the ab initio calculations. From these
values and the calculated dipole moments, we obtained
∆VDR1 ) 0.14 V, ∆VDO3 ) 0.26 V, and ∆VNPAP ) 0.1 V.
This can be related to the change in gate voltage using the
ratio of capacitances for the gate and the molecules. The
total capacitance for the gate is given by Ctot-1 ) Cg-1 + CNT-1
where Cg ) 2πε/ln(4w/d) ) 0.039 aF/nm is the gate
capacitance for an oxide thickness w )100 nm and a SWNT
diameter d ) 1.5 nm, and CNT is the intrinsic NT capacitance.
For the molecules, the only contribution to the capacitance
is CNT since the pyrene polarization is weak. CNT can be
calculated from the expression CNT ) e dλ/dEF where λ is
the linear charge density on the SWNT and EF is the Fermi
level. The dependence of λ on the position of the Fermi level
can be obtained by integrating the SWNT density of states
times the Fermi distribution,18 giving λ ≈ 2e(πγR)-1
exp[-(EF - EV)/kT]. Here, a ) 0.142 nm is the C-C bond
length, γ ) 2.5 eV is the value of the tight-binding overlap
integral, and  ≈ 0.7 is a numerical factor.18 Near the
threshold voltage, the Fermi level is close to the valence band
edge, and we obtain CNT ) 0.75 aF/nm for a SWNT of
bandgap 0.5 eV and diameter 1.5 nm. Finally, an electrostatic
potential change ∆V due to a change in the molecular dipole
moments translates into a gate voltage shift ∆Vg ) (CNT/
Ctot)∆V ≈ 20 ∆V. Thus, a relatively small change in the
electrostatic potential of 0.1 V is amplified into a large 2 V
threshold voltage shift, as observed in our measurements.
We now turn to the kinetics of the signal transduction.
Here, we modeled the azobenzenes as two-level systems, as
shown in the inset to Figure 4, where ng and nex are the
densities of dipoles in the ground (trans) and excited (cis)
state, Γ2 is the relaxation rate from the excited-state to the
ground state, and Γ1(I) is the transition rate from the ground-
state to the excited-state and is directly proportional to power
density I, Γ1(I) ) RI, when the power is below the level at
which nonlinear effects occur. Assuming that all molecules
are in the ground-state before illumination, the time depen-
dence of nex is given by
nex(t))
Γ1
Γ1 +Γ2
ntot{1- exp[-(RI+Γ2)t]} (1)
where ntot is the sum of ng and nex, a constant value
representing the density of azobenzenes around the SWNT
in the device. Since the threshold voltage shift ∆Vg is
proportional to nex, in the steady-state we have
∆Vg
-1 ) (nexntot CNTCtot∆V)-1 ) (1+ Γ2R I-1)(CNTCtot∆V)-1 (2)
Here, ∆V is the difference in electrostatic potential on the
SWNT between ng ) ntot and nex ) ntot Thus, the inverse of
the threshold voltage should depend linearly on the inverse
of the illumination power density I. Furthermore, the inverse
of the time constant for the change in conductance when
the device is illuminated, τ-1) RI + Γ2, should depend
linearly on the power density I.
To test this model, we measured the threshold voltage shift
as a function of illumination intensity at a wavelength of
500 nm on devices functionalized with either DR1-PB or
DO3-PB. The results are plotted in Figure 4. The linear
relationship between ∆V-1 and I-1 agrees with the prediction
of eq 2, implying that the observed transduction signals are
indeed coming from a two-state behavior of the chro-
mophores. We also functionalized devices with a 4:1 molar
ratio hexyl-PB:DR1-PB solution. The dependence of thresh-
old voltage shift of these devices on the power density still
follows eq 2, but the magnitude of the shift is larger than
one-fourth of the shift seen on devices with pure DR1-PB.
This effect could arise from preferable attachment of DR1-
PB onto SWNTs over hexyl-PB. Next, time traces of devices
with DR1-PB were taken at fixed wavelength (500 nm) but
different power densities. The gate voltage was chosen to
make the device conductance before illumination at 20-30%
of its maximum postillumination value and was held constant
during measurements. As Figure 5a shows, the conductance
of SWNT FETs increased upon illumination and slowly
decayed back when light was turned off. A careful examina-
Figure 4. The inverse of the threshold voltage shift depends linearly
on the inverse of the illumination power density. Solid lines are
linear fits to the data for DR1-PB (red squares), DO3-PB (green
dots), and 4:1 hexyl-PB/DR1-PB (cyan triangles). Inset: Schematic
of the two-level system used to model the experiments.
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tion reveals that although the conductance initially increased
following the form of eq 1, the rise slowed down after the
first few seconds of illumination, as can be seen in Figure
5b. In other words, there are two different time constants.
The time constants are extracted from the slopes in Figure
5c, where 1 - I(t)/∆Itot ) 1 - nex(t)/ntot is plotted logarithmi-
cally against time with ∆Itot being the total change in current
induced by the illumination. As Figure 5d shows, the fast
time constant τ is about 1.5 s at 800 W/m2, and τ-1 is directly
proportional to the power density, in agreement with eq 1.
On the other hand, the slow time constant, which is on the
order of 20 s, does not depend on power density. Therefore,
this suggests that the initial increase of SWNT conductance
upon illumination is induced by the switching of molecular
dipoles as the two-level system model in eqs 1 and 2
describes. Other light-insensitive dipoles around SWNTs,
such as those of surface-bound water molecules that have
been shown to dominate the hysteresis of SWNT FETs,19
may change their configurations, triggered by the switching
of nearby chromophore dipoles.
Next, we analyzed the data on a more quantitative level
and sought to extract intrinsic properties of these chro-
mophores from our experiments. According to eq 1, the
relationship between Γ1(I)) RI and Γ2 can be extracted from
the linear fit in Figure 4 since the number of molecules in
the excited-state is determined by the ratio of the two
transition frequencies. For the device with DR1-PB, we find
that Γ2 ) 240R. The same relationship can be obtained from
the kinetics of the signal as well, because Γ1 and Γ2 dictate
the time it takes for the molecules to switch. The fit in Figure
5d gives Γ2 ) 100R. These two values obtained from
different experiments, although different by a factor of 2.4,
are reasonably close. In addition, we can deduce optical
properties of the chromophores from our electrical measure-
ments. For example, from the time constant τ, the molecular
absorptivity of DR1-PB was calculated to be 2 × 103
cm-1M-1. This number is about ten times smaller than the
value measured from optical absorption studies.15 This
discrepancy is not surprising because the absorptivity is
sensitive to the local environment. As previous studies have
shown,15 absorptivity varies by more than 200% when
chromophores are in different organic solvents. In our
experiment, the chromophores are not in solvents and are
so closely packed that the dipole moments can couple
together to reduce the transition frequency when photons are
absorbed at low rates. We tried to solve this issue by diluting
DR1-PB with light-insensitive, dipole-less hexyl-PB. The
time constant τ was reduced slightly, but uncertainty involv-
ing the arrangement of these two types of molecules near
SWNTs prevented us from drawing a solid conclusion and
further work is underway.
Through both experimental and theoretical studies, this
work showed that SWNTs can transduce the photoabsorp-
tion-induced isomerizations of nearby chromophores into
electrical signals. By designing chromophores to absorb in
a narrow window of the optical spectrum and applying them
to SWNT FETs, sensitive nanoscale color detectors were
demonstrated. This system can be used to study fundamental
properties of chromophore-nanotube hybrids and to probe
molecular transitions. We expect that improvements in the
signal transduction will lead to the ability to detect single
molecular transformation events, and that molecular engi-
neering can provide detection in other regions of the optical
spectrum.
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